García Pérez, M., Vakkilainen, E. (2019). A comparison of turbulence models and two and three dimensional meshes for unsteady CFD ash deposition tools. Fuel, Vol. 237 This work aims to assess the adequacy of the often made two dimensional mesh simplification in ash deposition models. Little information is available regarding its validity due to the heavy computational costs that a proper three-dimensional grid model would entail. We have implemented a case study (a deposition probe in a kraft recovery furnace) with 2D and 3D mesh models in order to compare their results regarding the ash deposition and the fluid flow. An additional simulation has been carried out to compare the results between URANS and DES turbulence models. For the particular case studied in this article, the two-dimensional simplification is justified as the results did not vary notably whereas entailing remarkably smaller computational costs. Nonetheless, the usage of DES turbulence model yielded moderately different results, qualitatively closer to deposit observations, justifying perhaps the three-dimensional approach when accuracy is needed for the deposition of fine particles on the lee edges of the tubes.
Introduction
Fly ash impaction and deposition on boiler tubes entail erosion and corrosion of the heat exchange surfaces, as well as downtimes and overall performance penalties in boilers of any kind, up to a point that these may have an impact on the overall design [1] . The physical and chemical phenomena involving ash generation, growth, transport, and deposition is thus of a major concern [1, 2] .
A considerable effort is being made for a better knowledge of these phenomena, CFD modeling being a particularly popular and affordable approach. Unfortunately these tools are still at an early stage [3] and would ideally be enhanced with grid-independency studies (as, e.g., [4] ) and/or empirical validations (as, e.g., [5, 6] ), often omitted due to their challenging nature [1] . In the work of Li et al. [7] the deposition on a rhombic heat transfer tube array was modeled and validated satisfactorily. Mavridou et al. [8] analyzed the effect of the usage of tubes of different diameter within a row. Han et al. [9] compared the deposition on circular versus elliptical tube arrays.
All the studies mentioned in the previous paragraph used 2D meshes for their models. Notably fewer three-dimensional simulations are typically found in literature. For instance, Wang et al. [10] studied the flow patterns and deposition over a tandem of two H-type finned tubes. The deposition and erosion on a superheater corner was modeled by Li et al. [11] . Leppänen et al. [12] predicted the fume ash formation and deposition onto the superheater surface with a 3D mesh comprising the entire furnace and the backpass of a kraft recovery boiler. All these works considered study domains with geometries which were not amenable to a two-dimensional approach, resulting into considerably heavy 3D meshes. More often than not, the works which used a 3D approach reviewed by the authors of the present study did not attempt to perform an unsteady flow simulation or a grid convergence analysis.
Typically, the two-dimensional approach is executed when the modeled domain shows an appropriate periodicity and/or symmetry [7] . This way, the calculation time may be reduced by a few orders of magnitude. Frequently, for long unsteady calculations within a parametric study, this may be the only reasonable way of simulating. However, the adequacy of this very common simplification has seldom been assessed or even considered. Many deposition surfaces under study are tube arrays which experience three-dimensional turbulence eddies [13, 14] which could be affecting particle trajectories. Greifzu et al. [15] observed differences between the tracked particle trajectories for a 2D and a 3D mesh of the same domain; attributing the best fit of the 3D case to the experimental results to a better simulation of the three dimensional particle dispersion caused by the turbulent eddies. Li et al. [13] compared the deposition modeled over a tube with both 2D and 3D meshes. It was concluded that the 3D approach yielded T moderately better results according to empirical measurements, although a rather coarse mesh was used, possibly resulting into an overestimation of the front deposits for the smallest particles [3] . Unfortunately, both the simulation and the experimental set-up were poorly detailed [13] . We find fitting to consider how, in general, results on ash deposition could be affected by the 2D mesh simplification.
The present study aims to confirm the validity of this 2D assumption by modeling a case study in both two-and three-dimensional meshes. The case study selected for the unsteady particle deposition was a water-cooled deposition probe inserted in the last superheater area of a kraft recovery boiler. The simulations were carried out in Ansys FLUENT 18.0 enhanced with the discrete phase model and user-defined functions. Different mesh resolutions, dimensions (in the sense of spatial coordinates), ash particle diameters and turbulence models are tested and compared.
Model description
The ash deposition around a 4-cm (outer diameter) water-cooled probe with an outer wall temperature of 39°C inserted in kraft recovery boiler is simulated with FLUENT. Typical kraft recovery values and gas parameters have been selected [16] [17] [18] to match the ones of the superheater region. The upstream gas comes at 686°C with a velocity of 3.5 m/s and at a pressure of 92 kPa (outlet). The flue gas has a dynamic viscosity of Different meshes of the same case study are implemented in order to compare their results. The grid resolution is varied to ensure that the numerical convergence is reached. In addition, for one of the 3D meshes, the turbulence models URANS − k ω SST and DES are compared. Conclusions regarding the validity of the 2D simplification and turbulence models shall be drawn.
In this study, the direction along the probe is often referred to as the third coordinate, which is the simplified one in the 2D simulations. The locations on the perimeter over the circular probe are determined with the angular coordinate θ, where = θ 0 corresponds to the probe lee and = ± θ π corresponds to the probe wind.
Computational domain and meshes
The simulations executed in this study use a total of four different meshes for the same case study. The two-dimensional domains consist of a rectangle with a circular hole (4 cm diameter) which represents the probe. The flue gas comes from left to right, thus the left edge is set as a velocity inlet (located 0.2 m, or 5 times the probe diameter upstream the probe center) and the right edge is set as a pressure outlet (located 0.4 m, or 10 times the probe diameter downstream the probe center). The upper and lower edges are set as periodical boundaries so as not to constrain the flow (located each one at a distance from the probe of 0.14 m or 3.5 times the probe diameter). These 2D domains are meshed with triangular-paved schemes following two different resolution requirements to ensure the grid independency of the results.
The coarse (fine) 2D meshing of the domain proceeds as follows. Firstly, the probe perimeter is divided in 600 (800) elements, accounting for the numeric accuracy guidelines proposed by Weber et al. [3, 19] . A size function is then implemented to control the size of the triangular cells as they are paved further away from the probe perimeter with a growing ratio of 1.40 (1.03). The maximum allowed cell size area 35 mm 2 for both meshes. The resulting 2D grid is composed of 25256 (62246) cells. Fig. 1 shows the resulting fine mesh. The three dimensional meshes are built based on the corresponding two-dimensional ones by 'stacking' or replicating slices of them along the third coordinate. The thickness of the 3D domain is twice the probe diameter, i.e., 8 cm. The calculation time of the 3D mesh increases more than proportionally with the third dimension, and it is thus prohibitive to increase it much further. The coarse (fine) mesh is composed of 50 (70) slices of the two-dimensional mesh, resulting into a slice thickness of 1.60 (1.14) mm and a total of 1.26 (4.24) million cells. These are remarkably heavy meshes for a transient study. Fig. 2 illustrates the three dimensional coarse mesh.
Ashes and discrete particle tracking
The discrete phase model available in the software package is implemented to track and calculate the motion and trajectories of kraft ash particle parcels. If a parcel impacts onto the probe surface, the userdefine routine DEFINE_DPM_EROSION [20] is called to perform the sticking-rebound submodel briefly described below.
Three different ash particle size diameters are injected in the domain through the gas inlet and are calculated independently. The particle diameters under consideration are 0.7, 4.0 and 40 μm. With this aim, multiple independent injections are set up. The dust concentration in the flue gas is 8 g/m 3 for each particle diameter, according to typical values [21] . By injecting multiple particle parcels per each inlet face (pppif) it is possible to have a sufficiently large number of parcels being tracked, and thus, to obtain a more statistically robust and less biased result after simulating the flow during a limited number of von Kármán oscillations [22] . Consequently, 10 pppif were injected at each time-step for all the simulations except for the DES case, which was instead limited to 3 pppif (thus, each individual parcel represents a larger number of particles accordingly for the same gas ash concentration) due to the particularly longer DES simulation time and the heavy calculation cost of the trajectories of over 25 million parcels in the domain (once reduced to 3 pppif).
The sticking model approach used in this work is based on the mechanistic model of van Beek [23] for regular particle impactions, which has been implemented by a number of authors with satisfactory results, some of which have already been cited [4, 9, 10, 24] . In addition, the Konstandopoulos criterion for oblique impacts [25] has been considered with the use of the empirical rebound correlations of Brach, Dunn and Li [26, 27] . This combination of approaches has been used in previous simulations by the present authors. A full description of the sticking-rebound routines implemented in this study is somewhat long and fully detailed elsewhere [6] . 
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Kraft fine ash is made mainly of inert alkali sulfates [21, 28] and it has been set to the following properties: density 2664 kg/m 3 , specific heat 902 J/kg K, and thermal conductivity 0.0608 W/mK. Regarding the mechanical properties for the mechanistic stick-rebound routines, the properties of K 2 SO 4 deposits have been selected [6, 23] 
where μ ρ M , , w and T are respectively the gas viscosity, density, molecular weight and temperature. d p is the particle diameter, and = R 8.314 J/(mol · K). The drag coefficient in this study is thus computed as
1 , where C D is the drag coefficient yielded by the law of Morsi and Alexandre [31] .
In addition, thermophoresis simulation is enabled [32] as it has been observed to be a major deposition mechanism for the smallest types of particles [5, 22, 33] .
Cases under study
Five different simulations are carried out in this study. Four of them are identical except for their mesh, in order to perform a proper comparison among their results. Due to the low turbulence ( = Re 1225) an URANS − k ω SST model is suggested [34, 33] . Additionally, a fifth case is executed using the coarse 3D mesh but with a Detached-Eddy Simulation (DES) turbulence model where the near-wall region turbulence is simulated with the − k ω SST. The inlet turbulence intensity is 7%, and the viscosity ratio is 10. For the DES case, a spectral synthesizer which takes into account the inlet turbulent intensity has been enabled to generate adequately fluctuating velocity components in the inlet for a more realistic simulation.
The simulation parameters are summed up in Table 1 . The simulated flow time for the DES case needs to be particularly longer in order to capture a less biased particle impaction sample, since the flow was not strictly periodic as it could be appreciated in Fig. 3 . The other cases may be performed with a relatively low integer number of flow oscillations due to their periodicity and the large quantity of independent particle injections implemented.
Solver and outline of the model execution
The model is executed in ANSYS Fluent 18.0. The double-precision solver with default discretization schemes are used. The time-step chosen for all simulations is − 10 4 s, calculating 35 iterations per time step.
The lift force over the probe is monitored as the flow with the particles is simulated to the point where its oscillations become quasistable. Only from that point onwards, data about each particle parcel impaction (such as geometric coordinates of the impaction point, impaction velocities and rebound velocities if applicable) on the probe is collected and registered during a time span of t (see Table 1 ) for ulterior postprocessing. This strategy has been followed in previous work [22, 33] . Fig. 4 highlights the wall-clock time needed to compute one timestep of flow, to track the particle parcels, and to calculate the rebound of ones that require it. All the time-steps executions for this figure were carried out in the same machine, an HP Proliant SL230s G8 with two processors Intel Xeon E5-2660 (setting up Parallel Fluent with 16 threads, no hyperthreading was used), running with Linux CentOS 7.
Results and discussion

On the computational costs
It should be noted that the large number of parcels being tracked (over 167 million parcels for the 3DF case, 89 million for the 3DC case and 26 million for the DES) require a large amount of available RAM memory, which is greater than 128 GiB for the 3DF case. The duration of a time step calculation highlights the somewhat high impracticability of using 3D models in this kind of cases due to the usually large amount of time steps to calculate. At higher flow velocities, the time step duration might have to be decreased even further, entailing an even larger number of steps to compute.
Deposition around the probe perimeter
Figs. 5-7 show the collected deposition rates over the probe perimeter (averaged along the third coordinates for the cases using a 3D mesh). It can be noted how for the first four cases the deposition is, at least qualitatively, equivalent. Thus, if URANS turbulence models are Table 1 Summary of executed simulations. T is the flow oscillation period. t stands for the flow time of particle impaction logging after the flow stabilization. used, the use of 3D meshes may not be justified. However, the DES turbulence model seems to show intuitively better results as the deposition in the leeward side of the probe is somewhat more uniform than in the other cases. Although the lee deposits are less known and understood than the wind deposits (typically less effort has been put on measuring those [1] ), qualitative observations and models have reported that the rear deposits acquire a relatively uniform or flat shape [20, 35] . Therefore when accuracy is needed for small particle deposition in the rear sides of tubes, the usage of 3D meshes enhanced with DES turbulence modeling might be necessary.
This difference in the results of DES versus the URANS cases is ultimately caused by the flow field phenomena occurring in the probe lee. All these 0.7 and 4.0 μm particles showed an impaction efficiency over a 99.9% consistently around the entire perimeter, meaning that the DES case is bringing fewer particles to the lee surface. Thermophoresis should be discarded as an explanation for this phenomenon, since its propensity (as proposed in previous studies [33, 35] ) was showed to be marginally larger for the DES case than it was for the URANS case used for comparison (3DC). Moreover, if thermophoresis happened to be significantly less intense in the DES case, then the deposition differences between the DES versus the URANS cases would be, against observations (Figs. 5 and 6) , smaller for the 4.0 μm particles than what they were with the 0.7 μm particles. Therefore the reasons behind smaller arrival rates is explained by a smaller dust concentration in the probe wake of the DES case as a consequence of the different flow fields and vortex patterns observed when comparing the two cases at the peak of a flow oscillation, as observed in Fig. 8 : in the DES case the particlecarrying flow is reattaching the wake at further location downstream form the probe and not surrounding lee-nearby vortices, nor turning away towards the probe surface. As it can be deduced also from the flow lifts in Fig. 3 , the DES case presents a smaller transversal component of the flow velocity, implying again that fewer particles are dragged to the vortex-region to be then driven thermophoretically to deposition.
Observe those peaks of deposition appearing at angles of ≈ ± α π 0.55 for the biggest particles tested in this study. Those peaks are a consequence of the upper and lower periodic boundary conditions selected: as these large particles experience a rebound after impacting in the lee of the probe, they still possess an important inertia and thus they are not much dragged by the flow as they travel nearly perpendicularly to it. After they reach the upper (lower) domain boundary, due to the periodical configuration of the model, they impact again the probe on its lower (upper) side. Such an effect may not be observed for the smaller particles since most of them do not rebound (over 99% of sticking probability has been computed for the two smaller particle diameters), and still those which do rebound are then effectively dragged and carried by the gas, not reaching those domain boundaries.
Deposition along the third coordinate
It is illustrative to analyze the particle arrival observed along the third coordinate (only applicable to the cases with 3D meshes). As an example, observe Fig. 9 which highlights the number of 4.0 μm parcel impactions onto the probe surface. It can be noted that the dependency with the third coordinate is negligible. However, it should be stressed that this fact would not constitute a sufficient condition by itself to warranty that ash deposition may be properly modeled with two-dimensional approaches. Nonetheless it is a condition that should be fulfilled.
For all the other possible cases and particle diameters, an identical independency on the third coordinate was also observed.
Final comments on the limitation of the study
The Finite Volume Method often implemented in CFD makes use of a discretization scheme to solve the unsteady Navier-Stokes equation system. At each iteration, these equations are applied using the discretization schemes in order to build an algebraic system of equations. The size of this system is directly related to the number of mesh cells. Thus, qualitatively, the cost of solving a mesh may grow approximately with the cube of its size. On the other hand, this size of a 3D mesh may be typically around a couple of orders of magnitude larger than that of a 2D mesh. Considering also that the calculations must be unsteady for a proper determination of the smallest particle trajectories, the oftenmade 2D assumption is frequently regarded as necessary in literature, especially with limited computing resources. However some studies might be taking this decision in cases where it is not valid.
The simulations of this study could be executed in a cluster of computers with a reasonably good performance. Still, it took several months of calculation to complete due to the very high computational demand of the 3D cases. We would have preferred to conduct a more complete study with a sensitivity analysis on the number of tubes in a row, the depth of the domain along the third coordinate, and the inlet fluid velocity. Unfortunately it is yet not reasonable to perform a study which would comprise all these analyses with the computational capability available in a typical research organization. The conclusions drawn in this study are valid for the particular implemented scenario. It would be desirable, for instance, to compare the 2D and 3D cases with higher gas velocities; but as the velocity increases, both the required mesh and the time-step resolution must become even finer [19] entailing an increase on the computational costs proportionally, approximately, to the gas velocity raised to the fifth power. Additional work should be carried on to test the validity of this assumption in a variety of typically encountered cases to have a more proper scientific confidence on the validity of the 2D or URANS simplifications.
Conclusions
The 2D mesh simplification of the ash deposition CFD models is found frequently in literature. This study has made an attempt to assess its validity by performing CFD models over the same case. The contribution of this work is underlined by:
• comparing 2D and 3D results over the same case study, • performing unsteady flow simulations, • using fine grids and confirming the grid-independency of the results, and • implementing a mechanistic particle stick-rebound routine;
There is a lack of studies in literature with models analyzing the ash deposition with this combination of features. Unfortunately we did not have any empirical data at disposal for this particular probe to contrast the results. Nonetheless this work was aimed more towards highlighting the possible differences among modeling approaches than towards the development of a new one. Fig. 8 . Instantaneous gas velocity fields and vectors for a peak of an oscillation with minimum (peak) lift for the 3DC (top) and DES (bottom) simulations, in the domain middle plane of the third coordinate. Note how for the 3DC case, the gas stream experiences a more sudden direction change towards the wake of the probe carrying particles into the vortices; whereas for the DES simulation this wake entrainment occurs further downstream, with a lower velocity and softer vortices. Fig. 9 . Number of particle parcel impacts on the three-dimensional probe surface as a function of the probe angle and the third coordinate (along the probe). Case 3DF, 4 μm particles. The mass of each impaction particle parcel for this case and diameter is For the particular case study of a deposition probe in a kraft recovery furnace, it has been found that the two-dimensional simplification itself did not yield important differences in the results, but the usage of a more elaborated, three-dimensional turbulence model (DES versus URANS) did have an effect on the leeward side of the deposit. It is thus possible that the 2D simplification is justified for cases with big particles (at least 10 μm) and/or intense turbulence. However, if precise accuracy is essential, a 3D grid with a DES turbulence model may be required for fume ash particles and mild turbulence. Therefore it is of high interest to carry out additional work corroborating the validity of the 2D simplification within a variety of geometries, inlet flow velocities and turbulence intensities.
